Many gekkotans possess seta-bearing adhesive subdigital pads. Details of setal structure, however, are largely based upon putatively exemplary fibrils deemed typical of the species. Little is known of the pattern of configuration of the setae across the subdigital pads and how great, if any, the variance in structure and dimensions is. To understand setal fields as functional entities, as opposed to individual setae, it is necessary to consider this pattern. Additionally, gekkotans within individual radiations occupy different environments and potentially are substrate-specific in terms of the locomotor surface exploited. To investigate these issues, we herein examine the configuration and dimensions of seven species of the gekkotan genus Rhoptropus , and an outgroup taxon, Chondrodactylus bibronii . All of these taxa are rupicolous and the array of rock surfaces exploited by this cluster of taxa is extensive. Our results show that setal field configuration follows a predictable pattern, both from one digit to another within a species, and between homologous digits and anatomical locations between species. One species, Rhoptropus afer , a more terrestrial taxon, exhibits significantly shorter setae and a smaller subdigital pad area than do its congeners, but exhibits the same overall pattern of setal arrangement. Our findings have implications for the understanding of the evolution of adhesive structures, and for the principles used for generating and manufacturing biomimetic artificial microfibrillar arrays.
Introduction
The subdigital pads of gekkotans interact with locomotor surfaces via fields of setae composed of microfibrillar keratinous arrays carried on highly modified subdigital scales (Russell, 2002) . The mode of action of the setae has been the focus of inquiry for well over a century, with successive hypotheses about the means of bonding with surfaces being advanced (Simmermacher, 1884; Tornier, 1899; Gadow, 1901; Weitlaner, 1902; Kunitzky, 1903; Tandler, 1903; Schmidt, 1905; Hora, 1923; Dellit, 1934 Dellit, , 1949 Mahendra, 1941; Altevogt, 1954; Maderson, 1964; Hiller, 1968 Hiller, , 1969 Hiller, , 1976 Autumn et al. 2000 Autumn et al. , 2006a Huber et al. 2005; Sun et al. 2005; Tian et al. 2006) . In recent years technological advances have enabled setae and setal arrays to be isolated and subjected to investigative techniques that have revealed a complex interaction of van der Waals and shear forces that permit the establishment, and breaking, of an adhesive bond (Autumn et al. 2000 (Autumn et al. , 2006a Tian et al. 2006) .
In parallel with such investigations have been studies that have revealed that the dimensions of setae, and their pattern of arrangement, are highly variable across species (Ruibal & Ernst, 1965; Russell, 1976; Schleich & Kästle, 1986) , and even along the digits within species (of both geckos and anoles) (Ruibal & Ernst, 1965; Peterson, 1983; Delannoy, 2006) . Series of epidermal outgrowths from simple spines, to spikes, to prongs and ultimately fully developed setae are expressed along digits (Peterson & Williams, 1981; Peterson, 1983; Delannoy, 2006) . Such morphological series are thought to reflect the evolutionary transition from simple outgrowths to the highly modified fibrils most readily associated with the adhesive process (Russell, 1976; Peterson, 1983) .
Lengths of setae have been reported for a wide array of taxa (Ruibal & Ernst, 1965; Russell, 1972; Schleich & Kästle, 1986) and have generally been taken to be species-specific (Maderson, 1970; Autumn et al. 2000) . Basic data about setal dimensions and packing density have been employed in the generation of synthetic microfibrillar arrays that simulate the adhesive capabilities of geckos (Geim et al. 2003; Sitti & Fearing. 2003; Hui et al. 2004; Kim et al. 2007; Kustandi et al. 2007; Lee et al. 2008) . Such arrays are generally constructed of microfibrils of a single length that ostensibly mimic the structure of gekkotan setal fields. Such extrapolations beg the question of how well such approaches reflect the actual pattern of the configuration of gekkotan setal fields and, indeed, whether this actually matters.
Our objective herein, therefore, is to investigate the pattern of and potential assembly rules of gekkotan setal fields by conducting a comparative study of these characteristics in a single radiation for which information about locomotor substrate is known. In another publication we detail the attributes of species-specific substrate affinities. Herein we focus on the structure of the setal fields themselves, and place them into the context of the structure of the digits as the carrier and operator of the setal batteries (Russell, 1975) , attempting to account for the configuration of the entire adhesive apparatus that is likely to influence the architecture of the setal fields as mechanical intermediaries between the organism and its locomotor environment ).
It has long been recognized that closely related gekkotan taxa (such as members of a single genus) vary, among other things, in features of the configuration of their subdigital pads, such as the number of scansors/lamellae present on their digits and the relative dimensions of the pads. Such variation has been employed for taxonomic and systematic purposes, and has been assumed to be of evolutionary and ecological significance (Hecht, 1952; Collette, 1961) . Within a single radiation, in which the basic pattern of the subdigital pads is homologous (Russell, 1976) , we investigate the following hypotheses: setal dimensions will vary predictably according to station on the digit and on a given scansor; setal dimensions will vary in association with identifiable aspects of digital morphology; within a radiation there will be common assembly rules for the setal fields, with variation being related to subdigital pad dimensions and numbers of scansors and (to be explored elsewhere) with characteristics of the substrate exploited.
Materials and methods

Taxon selection
Selection of an example genus for investigating setal field morphology requires the fulfilment of a number of criteria. Gekko gecko (Linnaeus 1758) (the Tokay gecko) has served as a model organism for the majority of previous studies of the gekkotan adhesive system and adhesive performance. It has been employed largely because it is readily available and easy to maintain and house in captivity (Russell, 1976) . Furthermore, the species is large by gecko standards (SVL = 15 cm, mass = 45 g) (Russell & Bauer, 1986; Delannoy, 2006) and has large, well-defined subdigital pads that are amenable to investigation of setal characteristics and the configuration of the adhesive system (Delannoy, 2006) . The genus Gekko, however, is not well suited as an initial candidate for our purposes because it is very speciose, most species are not easily obtained or observable in the field, and little is known of the natural history of most species (Brown & Alcala, 1978 Roesler et al. 2006) .
The genus Rhoptropus ( Fig. 1 ) from Namibia and Angola was selected as the taxon of focus for several reasons. It is diurnal, rupicolous and essentially clawless (Bauer & Good, 1996) . It is part of the Pachydactylus lineage (Bauer & Good, 1996; Johnson et al. 2005) . Members of Rhoptropus are restricted to arid and hyper-arid areas, occupy rocky outcrops and boulders, and run rapidly, jump and move with apparent ease across rock surfaces of all orientations. The array of eight species, Rhoptropus afer Peters 1869 , Rhoptropus barnardi Hewitt 1926 , Rhoptropus biporosus Fitzsimons 1957 , Rhoptropus boultoni Schmidt 1933 , Rhoptropus bradfieldi Hewitt 1935 , R. diporus Haacke 1965 , R. taeniostictus Laurent 1964 one as yet undescribed species, exploit different locomotor substrata across a relatively small geographic range, enabling effective sampling and the investigation of intra-and interspecific variation in adhesive system morphology and associated substrate characteristics (to be reported elsewhere). Rhoptropus taeniostictus is found exclusively in Angola, and could not be included in the current study.
Members of Rhoptropus are medium-sized (SVL = 3.5-6.5 cm, mass = 1-6 g) geckos (Branch, 1988) and their phylogenetic relationships are well resolved ( Fig. 1) (Bauer & Good, 1996; Lamb & Bauer, 2000 , 2001 , 2002 Bauer & Lamb, 2002 . Like other Pachydactylus group taxa they are characterized by substrate-specific habitat preferences (Branch, 1988; Bauer & Good, 1996; Bauer & Lamb, 2005) . Setal variation within and between species of Rhoptropus is contextualized by making comparisons with an outgroup species from the remainder of the Pachydactylus radiation, and with other gecko species that lie outside the Pachydactylus radiation.
-4 specimens , R. bradfieldi -4 specimens , R. diporus -3 specimens and a new, undescribed species that is the sister taxon to R. biporosus -A. M. Bauer, personal communication -henceforth referred to as R. cf. biporosus -5 specimens), as well as the outgroup species Chondrodactylus bibronii (Smith, 1846) (21 specimens), were collected from various sites in Namibia in June and July 2005, under the auspices of a permit issued to Dr. Aaron M. Bauer. This provided a total sample size of 47 specimens (26 Rhoptropus ), with each species being represented by at least three individuals. General attributes of the various species (except the newly discovered species) were established for much larger series (see for a list of specimens), but invasive sampling was only permissible for smaller numbers. The extensive sampling of the series of C. bibronii (21 specimens) (Webster et al. 2009 ) permitted comparisons with the smaller Rhoptropus series and allowed identification of any patterns that were seemingly aberrant (no such aberrations were encountered). Pattern analysis was further anchored by comparison with the extensive series of G. gecko examined by Delannoy (2006) that again provided information about general principles of setal field patterning. The specimens of Rhoptropus examined now reside in the collections of the Museum of Comparative Zoology (MCZ), Harvard University, and the National Museum of Namibia (NMNW), Windhoek (see Table S1 in the Supporting Information for details).
The alcoholic museum specimens were weighed and their snout-vent lengths (SVL) measured. Rhoptropus and Pachydactylus are not sexually dimorphic and thus data for all specimens were pooled. One digit was removed from each specimen of Rhoptropus for detailed examination. For most species this was digit IV of the left pes; however, for R. biporosus and R. cf. biporosus, a variety of digits were removed to permit assessment of variation across the digits. For the outgroup species, Chodrodactylus bibronii , a sample of digits for 21 individuals were removed for examination (Webster et al. 2009 ). Details of specimen numbers, locality information and digits removed for examination are documented in Table S1 of the Supporting Information.
Following removal, digits were photographed using a Nikon DS-L1 digital camera mounted on a Nikon SMZ300 dissecting microscope, and operated via a Nikon DS-5M camera control unit. Measurements of pad area were taken from the images using the computer software I MAGE T OOL V.3.0. Measurements were taken for all expanded subdigital scales that appeared to bear setae or seta-like structures. These measurements were later calibrated to match the scansor (Russell, 1986) count obtained from scanning electron microscope (SEM) images of the same digit. Only scansors (Russell, 1986 ) (and not the more proximal lamellae) were included in the estimate of pad area for three reasons: first, the preparation of digits for SEM viewing generally resulted in the detachment of the outer epidermal (Oberhäutchen) layer from all subdigital scales except the scansors (where the layer is very tightly attached to the underlying epidermal layers and the dermis; Russell, 1986) ; secondly, because the pad area associated with the scansors alone (and not the more basal region of the digit) is more highly correlated with measurements of body size (Webster et al. 2009 ); and thirdly because subcutaneous control systems (Russell, 2002) are physically linked to the scansors but not to the lamellae. Therefore, concentrating on the scansors alone permits better control of cross-species comparisons.
Digits were subsequently prepared for SEM examination. Each was sagittally sectioned, and both halves of each digit were sequentially critical point dried using a Seevac CO 2 Critical Point Dryer; mounted on 1 / 2 -inch Zeiss aluminum flat endpin SEM mounts (Electron Microscopy Sciences, Hatfield, PA, USA) using colloidal silver paste, with one half mounted with the ventral side of the digit facing upward and the other half mounted on its side with the cut sagittal edge facing upward to reveal setal arrangement along the scansors; sputter coated with a 100-Å layer of gold particles in a Hummer II Sputter Coater; and viewed in the standard high vacuum mode of a Philips/FEI XL30 Environmental Scanning Electron Microscope (ESEM). Images were taken of entire digit halves, and also of each scansor, in both ventral and sagittal views. These images were stretched using the XL30 Stretch program to obtain images of correct proportions for measurement. Images were inputted into I MAGE T OOL V.3.0, and a variety of setal field measurements taken (Fig. 2) . A scansor count was determined and digit depth was also measured. Measurements of setal length were taken for all scansors of one specimen of each species to obtain a continuous representation of setal variation along the entire digital pad, and then for three representative scansors for all other specimens. These representative scansors are the distalmost scansor, an intermediate scansor (a middle scansor selected at the midpoint of the total number of scansors), and the proximalmost scansor. This allowed for comparison of functionally comparable scansors regardless of the total number of scansors present (Fig. 2) .
Measurements recorded for each scansor examined were: scansor length, number of setal rows, maximum setal length, minimum setal length, mean setal length, maximum setal diameter, minimum setal diameter, mean setal diameter and setal resting angle (Fig. 2) . Scansor length was measured along the curve of the scansor's base from the base of the distalmost seta to the base of the proximalmost seta. The number of setal rows was counted as the number of rows present in the sagittal section. Setal length was measured for each unobstructed seta by tracing the midline of the curve of the seta, from its base to the distal extremity of the setal tips. Setal diameter was measured at a height of approximately 5-15 μ m from the base of the seta. Mean values of length and density were calculated only if the majority of setae from all areas of the scansor were visible and able to be measured. Setal density was calculated as the number of setae mm -2 and was determined by squaring the number of setal rows along a 32-μ m length of the scansor, giving a density of setal stalks per 1000 μ m 2 ( Fig. 2) , based upon the observation that setal spacing is approximately equal for both ranks (anteroposteriorly along a scansor) and rows (mediolaterally across a scansor) of setae (Delannoy, 2006) . This value was then multiplied by 1000 to obtain an estimate of setal density mm -2 , and calculated for the proximal, intermediate and distal regions of each scansor examined, trends observed, and mean values calculated. Setal resting angle was measured as the angle between the setal shaft and the surface of the scansor. Other measurements calculated for comparison include the change in setal length along a scansor (the length of the distalmost seta minus the length of the proximalmost seta), and the estimated detachment angle of the scansor. Scansor detachment angle was calculated using scansor length and the change in setal length along the scansor to determine the angle to which the scansor must be raised for setae to simultaneously reach an identical angle (in this case 30 ° , based upon previously published information about the critical detachment angle observed for G. gecko ; Autumn et al. 2000) relative to a flat surface. This estimated angle relates to the gradational length of the setae on each scansor and along the digit. As the scansor is raised to a certain angle relative to the surface, the differential length of the setae along the scansor results in them being raised to an identical angle. This would promote simultaneous detachment of all setae on the scansor at a particular critical angle. Although an angle of 30 ° was employed in our calculations (see above), the actual angle that is critical for each species need not be 30 ° . The important factor here is that because of the graded lengths of the setae on a scansor (longest distally, shortest proximally) an identical critical angle will be obtained simultaneously by all setae on the scansor. This would not occur if setal length did not vary along the length of the scansor. The estimated scansor detachment angle, therefore, reflects this morphological pattern of setal arrangement, and explores the principle of the design rather than any explicit detachment angle.
Conventional statistical analysis
Comparisons across species are problematic due to the fact that species cannot be considered as independent units because of their shared ancestry (Felsenstein, 1985; Harvey & Pagel, 1991; Martins & Garland, 1991) . Conventional statistical methods are rendered invalid if a 'phylogenetic effect' exists between species; that is, if sister taxa are similar due to their shared ancestry. However, for the purpose of determining simply whether differences between species exist, and not whether these differences are specifically and causally correlated with some other factor, conventional statistics can be used (Silvertown & Dodd, 1996) as long as it is understood that the similarities or differences revealed are likely due to a combination of phylogenetic and ecological effects. Thus, a series of conventional comparative analyses was carried out to first establish the general trends across species. Phylogenetic tests were subsequently conducted, and are described in the next section. Comparisons within each species were also performed using conventional statistical methods. All conventional statistics were conducted using Microsoft E XCEL 2003 and SYSTAT V.12.00.08 (Wilkinson, 2007) .
Series of paired t -tests were conducted to evaluate patterns within each species, for maximum and minimum setal lengths and setal diameters for each scansor, and for mean setal length, diameter and density between different scansors. The alpha value used to assess significance of each test was determined using a Bonferroni adjustment based on an initial alpha value (0.05) and the number of comparisons made (15) to take into account multiple comparisons. The assumption of normality of the data was tested prior to analysis using Kolmogorov-Smirnov Lilliefors tests. Where paired t -tests were not performed, general trends were observed.
The least squares model of regression was used to explore relationships between setal measurements and the size (mass) of the animal. The morphological data were log-transformed prior to analysis to normalize the distribution of the data, and regressions performed to determine the relationship of each variable to body size (mass). If the regression was found to show a significant relationship between the variable and body mass ( P < 0.05), the residuals of the regressions were recorded to obtain a size-free dataset (Garland et al. 1992; Albrecht et al. 1993 ) to be used in subsequent analyses. For variables found to be unrelated to size, the original log-transformed values were included in the size-free dataset, rather than the residuals. Principal component analysis (PCA) was used to assess the major sources of variation in the data (Pimentel, 1979; Karlis et al. 2003) . Three separate correlation matrix (Pimentel, 1979) PCAs were performed: one for each scansor examined (distal -PCA I, intermediate -PCA II, and proximal -PCA III). Each of the three PCAs used the size free datasets, as described above, included all seven species of Rhoptropus plus C. bibronii, and incorporated the following measurements: pad area, scansor length, number of setal rows, maximum, minimum and mean setal lengths, maximum and minimum setal diameters, distal, intermediate, proximal and mean densities, and estimated detachment angle of the scansor. Specimens with missing data were removed prior to analysis. Informative principal components (PCs) were determined using the Kaiser criterion, which defines them as PCs in a correlation matrix with eigenvalues greater than one (Karlis et al. 2003) . To facilitate interpretation, the PCAs were subjected to a varimax rotation, which results in each component being associated with only a few variables with very high loadings (Kaiser, 1958) . Factor scores for informative PCs of each PCA were collected, and these scores, which represent the values of each specimen for the 'new' variables (PCs), were used in subsequent analyses.
Analyses of variance ( ANOVA s) were conducted to test for differences between the factor scores obtained, as described above. The normality assumption of ANOVA was tested using KolmogorovSmirnov Lilliefors tests, and homogeneity of variance was tested using Levene's test (Schultz, 1985) . Separate analyses were performed for each informative PC from each of the three PCAs (distal, intermediate and proximal scansors), with the data being grouped by species to determine which, if any, species demonstrate differences in their setal dimensions and patterns. In the case of significant ANOVA s ( P < 0.05), Tukey's pairwise comparisons were used to determine which species actually differ from the others.
Discriminant function analysis (DFA) is used to further explore the results revealed by the PCAs. Three forward-stepping DFAs were performed, one for each of the scansors investigated (distal -DFA I, intermediate -DFA II, and proximal -DFA III) using the same measurements listed above for the PCAs. The forwardstepping DFAs were carried out with an F-to-enter (the minimum F value required by a variable to be included in the DFA model) of 4.00, and an F-to-remove variable of 3.90. Significance of the contribution of each variable to the DFA model, and therefore its ability to discriminate between species groups, was determined using the Wilk's lambda statistic (Cocozzelli, 1988) .
Phylogenetic statistical analysis
The Moran's I (Moran, 1950) statistic is commonly used to assess spatial autocorrelation of traits in animals across a particular habitat (Cliff & Ord, 1973 . However, it has also been adopted for assessing phylogenetic autocorrelation using phylogenetic distance data (Gittleman & Kot, 1990 ). Moran's I was calculated as described by Gittleman & Kot (1990) for PCA factor scores showing significant difference between species, which included factor scores of PC1 and PC3 from PCA I and PCA II, and PC1 and PC4 from PCA III . These variables were used to determine whether the significant results obtained for them may be due, in part, to phylogenetic effects. Moran's I was calculated for all Rhoptropus species (with the exception of R. cf . biporosus and R. diporus ) plus C. bibronii , which were grouped into six distance classes using the Nei's (1978) genetic distance data derived from allozymes by Bauer & Good (1996) . These distance classes are shown in Table 1 . Using these groups, correlograms of Moran's I and their associated z-scores were created.
Phylogenetic analysis of variation by computer simulation using the PDAP V.5. package (Garland et al. 1993) was also employed to evaluate species differences in a way that takes into account phylogenetic effects. This method requires that mean values for species are used, and therefore it cannot be used to compare individual species, but can be used to assess differences between groups of species showing different ecological characteristics (Garland et al. 1993) . One trend within Rhoptropus is the adoption, when compared to other species, of a more terrestrial lifestyle by R. afer Johnson et al. 2005) ; therefore, this method was used to compare species demonstrating a climbing lifestyle with species having a more terrestrial lifestyle ( R. afer ). This method was conducted as described by Garland et al. (1993) using the mean values of PCA factor scores found by conventional ANOVA s to reveal any differences between R. afer and the other species (see Results section). The analysis was conducted using both constant branch lengths (Martins & Garland 1991 ) and a set of actual branch lengths, representing the number of base-pair differences between the species (Bauer & Lamb 2005; Lamb & Bauer, unpublished) ; R. cf . biporous was estimated to have diverged halfway along the branch to R. biporosus and to show the Bauer & Good, 1996) . The distance class of each species pair is shown in brackets, and represents the following ranges of genetic distances: (1) 0-0.25, (2) 0.25-0.5, (3) 0.5-0.75, (4) 0.75-1.0, (5) 1.5-1.75, (6) 
Results
Setal morphology, patterns and variation within species
Setal length and other dimensions show a great deal of variation both across species and within individuals. Across all species and all scansors examined, setal length was found to range from a minimum of 15.7 μ m (at the proximal end of the proximalmost scansor of R. afer ) to a maximum of 103 μ m (at the distal end of the distalmost scansor of R. bradfieldi and C. bibronii), and setal diameter from a minimum of 1.23 μm (at the proximal end of the proximalmost scansor of R. diporus) to a maximum of 5.7 μm at the proximal end of the intermediate scansor of R. barnardi).
Average setal length and diameter across all species and across all regions of the digit was approximately 60 μm and 2.8 μm, respectively. Variation in setal dimensions across scansors and between species is discussed below. Examination of all species revealed a pattern of setal field arrangement and morphology that was universal.
Along a generalized scansor (one in an intermediate location on the digit) setal morphology changes dramatically from the distal to the proximal end. Setae at the distal end of the scansors are long, slender, and branch profusely at about the midpoint of the length of the seta from its base (Fig. 2C) . Most of the branches are of approximately the same length, and they curve toward the proximal end of the scansor (Fig. 2C) . Moving towards the proximal end of the scansor, setae become gradually shorter and thicker, with the progressively shorter setae fitting into the curve of the preceding longer seta (Fig. 2C) . Furthermore, although the initial point of branching remains at approximately 50% of the length of the shaft, branches of the setae are of differential length, and all curve proximally, with shorter branches fitting in against the curve of the longer branches (Fig. 2C) . These patterns are also observed on the distalmost scansor, and on all other intermediate scansors in specimens for which all scansors were examined, but they break down to some extent at the proximal end of the proximalmost scansor, where structures become shorter and less branched (Fig. 2B) .
The trends of decreasing setal length and increasing diameter from the distal to the proximal end of each scansor are evident in each species (Figs 3, 4) . The pattern is quite clear and regular for setal length, but fairly erratic for setal diameter, which varies within a small range and shows only a very general trend of increase along the length of the scansor. These results are also supported by the results of the paired t-tests for each species (see Supporting Information), which reveal that the difference between maximum and minimum setal length on a scansor is significant for several species, with many others exhibiting comparisons that were nearly significant. Similarly, several species show a significant trend of decreasing setal diameter along each scansor from proximal to distal. The exception is the proximal scansor, for which some species (R. afer, R. boultoni and R. diporus) show a decrease in setal density at the proximal end, where setal structure begins to break down. On the distal and intermediate scansors, setal density decreases from the distal region to the proximal region. This trend continues on the proximal scansor in R. barnardi and R. biporosus, but in the remaining species setal density increases at the proximal end of the proximal scansor rather than decreasing further (Figs 3, 4) .
Taken as individual units, each scansor demonstrates a similar set of trends; however, there are also trends between scansors that are common to all of the species investigated, with variation occurring from one scansor to the next. Two of these trends are an increase in scansor length moving from the distalmost scansor proximally and, related to this, a general increase in the number of setal rows present on the scansor (Fig. 4) .
Trends in setal length are also apparent, with mean setal length increasing from one scansor to the next, moving from the proximal to the distal end of the digit. Observations of setal length for all scansors of one specimen of every species also support this trend, showing that it is consistent across all of the scansors. Results of the paired t-tests reveal that the trend is not strongly statistically significant (see Supporting Information Table S2 ). Maximum and minimum setal lengths were observed to follow similar trends to mean setal length, with both the longest and the shortest setae becoming gradually shorter from the distalmost scansor proximally. However, the difference between maximum and minimum setal length remains very constant from one scansor to the next (Fig. 4) .
Setal diameter (mean, maximum and minimum) does not follow a clear pattern, and stays relatively constant between scansors. The same is true for mean setal density, which does not change greatly between scansors, except for an increase on the proximal scansor (Fig. 4) that is noticeable in R. bradfieldi, R. diporus and C. bibronii, but only significant for C. bibronii (see Supporting Information Table S2 ).
Setal tip morphology was not easily examined due to the quality of the specimens, and was observed for only one or two specimens of most of the species examined (R. afer, R. barnardi, R. cf. biporosus, R. boultoni and R. bradfieldi). Overall, the setal tips in all species ranged in diameter from about 0.10 to 0.20 μm, with approximately 300-400 tips per seta on distal or intermediate setae.
Proximal setae on each scansor possess a larger number of tips (up to 900-1000 tips per seta). Based on values of mean setal density across all species of about 20 000 setae mm 
Setal patterns and variation between species
In general, all species show the same pattern of setal field arrangement and morphology described above. The species Across all scansors these trends include: decreasing scansor length and number of setal rows (from 20 to 10) distally, an overall increase in setal length distally, an unchanging pattern of setal diameter and setal length difference (LD) for all scansors, and higher setal density proximally. For each individual scansor trends include: increasing length and decreasing diameter distally, and increasing density distally (except for the proximal scansor). All measurements given are averaged across all specimens examined; Setal density is in units of setae mm -2 . All lengths in the diagram are shown to scale.
do, however, differ greatly in terms of absolute size, ranging from very small animals with average masses under 2 g, including R. barnardi (1.4-1.7 g), R. afer (1.4-2.5 g), R. biporosus (1.3-2.3 g) and R. cf. biporosus (1.5-2.9), to larger Rhoptropus species such as R. bradfieldi (2.9-4.3 g), R. boultoni (4.6-5.8 g), and R. diporus (0.9-4.7 g) with average masses between 3 and 5 g, to C. bibronii, which has an average species mass of 13 g (range 1.7-24.6 g). The three representative scansors chosen for investigation (distalmost, intermediate, and proximalmost) are associated with the same or similar anatomical regions of digit IV in all species, regardless of digit size or total scansor number, suggesting that they are functionally similar units ( Fig. 2A) .
The results of the PCAs on the size-removed datasets (Table 2 and Supporting Information Table S3 ) reveal the following. The first six components were found to be informative for PCA I (distal scansor), the first five components for PCA II, the first four components for PCA III (Table 2) . For all three PCAs the first three components explained most of the variation, with PC1 explaining around 30%, PC2 around 20% and PC3 10-15% of the variation in the data. For PCA I, the component loadings (see Supporting Information Table S3) suggest that PC1 represents variation in setal length, PC2 represents variation in setal density, and PC3, PC4, PC5 and PC6 represent variation in pad area and scansor number, scansor length and number of setal rows, hyperextended scansor detachment angle, and digit depth, respectively. Results are similar for PCA II, with PC1 representing setal length, PC2 representing scansor length and the number of setal rows, PC3 representing pad area and total number of scansors, PC4 representing digit depth, and PC5 representing intermediate setal density. For PCA III, PC1 once again represents setal length, PC2 represents scansor length and the number of setal rows, PC3 represents setal density, and finally PC4 represents variation in pad area and total number of scansors (see Supporting Information Table S3 ). Plots of factor scores (Fig. 5) for each informative PC show clustering patterns of the species with respect to the different components. Species show a great deal of overlap for many of the components, with very few clear clustering patterns. However, some patterns are apparent; for both PCA I and PCA II R. afer is separated from the other species along PC1, and R. afer and R. cf. biporosus show some separation from the other species along PC3 and along PC4 for PCA III.
Results of conventional ANOVAs comparing factor scores from each PCA support the results seen in the factor score plots described above (Table 3) . Differences between species are significant for the factor scores of PC1 and PC3 Finally, the differences in the factor scores associated with PC2 from PCA III cannot be attributed to any significant differences between species (Tukey's test, all P > 0.05), and those of PC3 are attributed only to a difference between C. bibronii and R. boultoni (Tukey's test, P < 0.05). The DFAs revealed trends in the data very similar to those obtained from the PCAs. For DFA I, two variables met the F-to-enter criterion of 4.00 and were included in the discriminant function model -maximum setal length on the distal scansor, and pad area. The Wilk's lambda values for these two variables were 0.122 and 0.023, respectively, both of which are highly significant (P < 0.001). The ability of the DF model to predict the membership of each specimen in its correct species is shown in Table 4 . The model is able to correctly predict the membership for R. afer 100% of the time, and R. cf. biporosus 60% of the time, but performs less well for the other species. The model also established two new variables (canonical discriminant functions), the first of which explains 86% of the variation between species, and the second the remaining 14%. The first discriminant function is explained primarily by maximum setal length and the second discriminant function is largely based on variation in pad area.
For DFA II, three variables were added to the model: pad area, maximum setal length and minimum setal length on the intermediate scansors. The Wilk's lambda values associated with each variable are 0.204, 0.055 and 0.014, which are all highly significant (P < 0.001). The model for DFA II was also able to correctly classify R. afer and R. cf. biporosus a high percentage of the time (Table 4) , but was also fairly successful at classifying C. bibronii and R. boultoni. The three canonical discriminant functions explain 64%, 26% and 9% of the variation between species, respectively, with the first being associated with all three variables, the second with minimum setal length and the third with maximum setal length.
The results for DFA III are similar, with three variables (average and minimum setal length, and pad area) being included in the analysis (Wilk's lamba 0.303, 0.124 and 0.048, respectively, P < 0.001). Using these measurements, the model for DFA III was able to classify R. afer, R. bradfieldi and R. diporus with 67% correctness (Table 4 ). The three canonical discriminant functions explain 50%, 29% and 11% of the variation between species, respectively. Once again, the first discriminant function is represented by all three variables, the second by minimum and average setal length, and the third by minimum setal length.
Calculation of Moran's I statistics resulted in associated z-scores that revealed some phylogenetic autocorrelation between the species for the measurements and factor scores considered (Fig. 6 ). Significant levels of positive autocorrelation were found for the first distance class for two of the variables examined. Other significant values were negative, suggesting that the phylogenetic distance between the species is at least somewhat responsible for the differences between species (Gittleman & Kot, 1990; Epperson & Chung, 2001 ). Significant levels of negative autocorrelation are found mostly in distance classes 3, 4, and 6, all of which contain species pairs including R. afer. This suggests that R. afer is markedly different from the other species for some of these variables, and that this difference is at least partially attributable to phylogeny, and, in particular, its genetic distance from other species in its clade.
The results of the phylogenetically corrected ANOVAs comparing R. afer to the other Rhoptropus species and C. bibronii indicate that the significant difference of R. afer seen in the results of the conventional analyses remains valid even when phylogeny is taken into account (Table 5) . Rhoptropus afer differed significantly from the other species for the factor scores of PC1 from PCA I, PC1 and PC3 from PCA II and PC1 and PC4 from PCA III. For the most part, however, both the actual and constant branch lengths yielded very similar results (Table 5) .
Discussion
Setal field configuration -functional implications
The pattern of setal arrangement into setal fields, and the geometry of the setae themselves are essential data for the determination of the strength of contact and attachment that can be achieved by the subdigital adhesive system. The adhesive system of geckos functions by way of a highly controlled mechanism, and the manner in which effective substratum contact is made is likely through the initial formation of van der Waals bonds as setae are pushed into the surface, followed by the activation of shear forces as setae are loaded in tension (Autumn et al. 2000 (Autumn et al. , 2006 Autumn & Peattie, 2002; Tian et al. 2006) . The dependence of the adhesive system on van der Waals bonding implies that there is a direct relationship between setal geometry and adhesive capabilities, with the shape and size of attachment devices being much more important than the chemical composition of the structures Spolenak et al. 2004; Guo et al. 2007 ). The importance of tip diameter and density has been extensively investigated, as these dimensions are critical for the determination of the amount of potential contact with the substratum at the nano-scale, and thus the amount of force that can be generated (Arzt et al. 2003; Persson, 2003; Peressadko & Gorb, 2004) . However, although contact and adhesion at the nano-scale are important, the overall configuration of setal fields and setal geometry ultimately govern the potential for interaction between the subdigital pads and the surface, and in placing the setal tips into an orientation that allows contact in the first place. Setal field configuration is a subcomponent of the structure of the digits themselves and their mode of operation. The arrangement of a set of setae on the digit determines how they can be brought into, and removed from, contact with the substratum. Setal fields are not homogeneous in structure because local anatomical associations determine local patterns of interaction and deployment. Variation in any aspect of setal morphology, including length, diameter and density, will have implications for the functional role of the structures (Delannoy, 2006) . This is especially important in the deployment of setae, which requires setae to be brought into contact with the substrate in the proper orientation . The ability to generate maximal adhesive force is thus highly influenced by the pattern arrangement and dimensions of the adhesive structures in relation to both substratum configuration and anatomical position.
Overall, the pattern of setal field configuration observed in Rhoptropus is comparable to that of the Tokay gecko (G. gecko), with the region of the digit observed in Rhoptropus corresponding to the region described by Delannoy (2006) , which includes scansors associated with the lateral digital tendon system. Like those of G. gecko, the setae of Rhoptropus in this area of the digit show characteristics typical of those described in the literature, being fairly long, highly branched, and terminating in spatular tips (Ruibal & Ernst, 1965; Maderson, 1970; Autumn et al. 2000 Hansen & Autumn, 2005; Guo et al. 2007 ). Although setal tip parameters could not be determined for all specimens of Rhoptropus, estimates of setal tip density in Rhoptropus of 6.0 × Table 1 for explanation of distance classes.
All in all, the conservation of general setal field patterns across distantly related groups (Gekko and Rhoptropus), as well as across the Rhoptropus radiation, suggests that this overall pattern of configuration has important functional implications. Although variation exists at the species level for some setal dimensions, the overall configuration and pattern remains consistent for all species examined. This is the case for patterns observed between two species of the genus Gekko, G. gecko and Gekko swinhonis (Günther 1864), in which characteristics of overall setal field arrangement are similar, although subtleties of branching pattern and setal tip arrangement apparently vary between the two species (Guo et al. 2007) . Whether the tip configurations are consistently different or not is at present unclear because Guo et al. (2007) were not explicit about how the setae were sampled, and from which region of the digit the setae came. This issue is discussed in more detail in the conclusions.
The length of the setae has important implications for their mechanical properties. Although length varies along the digit and along the scansors, setae are, in general, relatively long compared to the epidermal outgrowths that invest the rest of the body, which are about 1-2 μm in length (Stewart & Daniel, 1972; Delannoy, 2006) . Longer structures require less force to bend them because they present longer lever arms (Vogel, 2003) . Setae must be depressed below 30° for proper adhesion to occur, and, as such, long setae may be able to be loaded properly with less energy expenditure. Conversely, shorter setae at the proximal end of each scansor and at the proximal end of the digit would be more rigid and would bend less easily. The tendency for longer setae at the distal end of each scansor to have a smaller diameter than the shorter setae at the proximal end enhances this pattern, as short, thick setae have a smaller aspect ratio than longer, thinner setae, and would be much less compliant. According to beam theory, a structure's resistance to bending, its 'bending stiffness', decreases substantially as length increases, but is augmented by increasing radius. Bending stiffness (K) can be described by eq. 1 (from Autumn et al. 2006b) , where E is the elastic modulus, r is the radius and L is the length of the structure.
Assuming that setal β-keratin has an elastic modulus of approximately 1 GPa (Persson & Gorb, 2003; Autumn et al. 2006b ), long, slender structures at the distal end of the distalmost scansor would have an average bending stiffness of 1.34 × 10 , three orders of magnitude lower than the longer setae.
It is known, however, that the form of setae as high aspect ratio shafts causes them to behave differently than does bulk β-keratin, with a much lower effective elastic modulus (E eff ) than the 1 GPa estimated above (Autumn et al. 2006b ). This is important as an E eff of less than 100kPa is required for setae to function as pressure sensitive adhesives (PSAs) and to adhere effectively to surfaces (Autumn et al. 2006b ). The effective elastic modulus is also influenced by setal length and radius, with longer, thinner structures having a lower effective elastic modulus, and thus less bending stiffness, than that calculated above. Effective elastic modulus (E eff ) can be calculated using eq. 2 (from Autumn et al. 2006b) , where E is the elastic modulus (1 GPa), I is the moment of inertia (I = πR ; Autumn et al. 2006b ), ϕ is the resting angle of the setae, L is setal length, and μ is the coefficient of friction (0.25; Autumn et al. 2006b ).
The setae of the Rhoptropus species examined herein consistently demonstrate an average resting angle of 45°f or setae located proximally on a scansor and 80° for setae located at the distal end. Based on this, setae at the distal end of the distalmost scansor have a very low effective elastic modulus of 0.8-2.85 kPa, and, therefore, an effective bending stiffness of only 1.06 × 10 , whereas setae at the proximal end of the scansor have a much higher E eff of 2612-2747 kPa (which is still lower than the estimated 1GPa, but higher than the 100 kPa required for PSAs), and a bending stiffness of 6.41 × 10 -6 -7.27 × 10 -5 . The relatively greater rigidity of the shorter, proximally located structures has important implications for attachment. Recent studies have focused on the importance of frictional or shear forces in addition to van der Waals bonding for the establishment of maximum setal force (Autumn et al. 2006a; Tian et al. 2006) . At the microscopic level, both of these forces depend upon maximizing the area of contact (Bowden & Tabor, 1966; , and thus long, flexible setae seem better suited to engendering this type of attachment, as shorter, thicker structures with their higher E eff are less likely to achieve adhesive contact with the surface in the first place (Autumn et al. 2006b ). At the same time, however, frictional load bearing requires the transmission of frictional forces by relatively immobile structures (Maderson, 1964) , and thus shorter structures, which bend less easily, may be more suited to frictional interactions with the surface (Delannoy, 2006) . However, as setae are loaded in tension (Peterson et al. 1982) , the immobility of structures may be less important, allowing longer, more flexible structures to be involved in frictional interactions. The tensile strength of setae is also important here, as this is independent of the length of the setae, but is dependent on their cross-sectional diameter (Peterson et al. 1982) . As such, thicker setae may be important for their inherent tensile strength, but this does not explain the decrease in length associated with thicker setae. It is also possible that shorter, thicker setae are involved in some type of tractive interaction. Furthermore, at the level of the attaching tips, stiffness and E eff may not differ between setae on different regions of the digit.
The variation in setal length along scansors and across the entire digit (Fig. 4) may have functional implications associated with adhesion on rough surfaces. While it seems that this variation may allow for increased contact with rough surfaces in the animal's natural environment (Persson, 2003; Peressadko & Gorb, 2004) , with long setae being able to penetrate into asperities, and shorter stalks contacting more elevated areas of the surface, this is likely not the case. This would be effective if the surfaces encountered by these animals were very regular and predictable, as is the configuration of their setal fields, but these surfaces are, in reality, highly unpredictable . Furthermore, it has been suggested that long, slender setae are ideal for attachment to rough surfaces (Campolo et al, 2003; Jagota & Bennison, 2002; Persson, 2003; Persson & Gorb, 2003; Meine et al. 2004; Spolenak et al. 2005; Autumn et al. 2006b ). Long shafts held at a low angle relative to the surface have a high E eff , allowing them to deform easily and comply with surface irregularities. However, these same properties promote matting of the setae (Persson, 2003; Glassmaker et al. 2004; Spolenak et al. 2005; Autumn et al. 2006b ), which would compromise their adhesive capabilities (Stork, 1983) . Therefore, the presence of shorter, stiffer setae would reduce the potential for matting, should this exist, and permit a greater packing density of setae (Spolenak et al. 2005) . A combination of long and short setae may help to maximize adhesion in some areas while minimizing matting problems in others. Once again, however, this does not explain the predictable pattern of setal field organization.
One potential advantage of the regular pattern of setal length variation is the prevention of interference of setae with those in the adjacent row and on the adjacent scansor. Setal branches and setal shafts fit against the curve of the branch or stalk adjacent to them. When the system is deployed this would allow the setal tips carried on each branch of each shaft to attach to the substrate without interfering with the tips on adjacent branches, thereby allowing for maximization of contact with the substrate. This pattern continues at the level of the scansors. Scansors tend to overlap each other slightly, with the distal end of one scansor partially covering the proximal portion of the next, more distally located scansor. As a result, having shorter setae at the proximal end of one scansor would limit the interference between these setae and the longer setae at the distal end of the next scansor.
Finally, variation in setal length along the scansor may also play a role in facilitating detachment of the setae by way of its relationship to the angle of detachment of the scansor. When setae are deployed they are held at a low angle against the substrate (less than 30°) (Autumn et al. 2000) . During detachment the digits are hyperextended, and rolled off the surface, resulting in the setae reaching the critical detachment angle of 30° (for G. gecko), at which they are released from the surface (Autumn et al. 2000; Russell, 2002) . Setae of decreasing length along the scansor allow for the simultaneous detachment of all of the setae of an entire scansor because of the following: as the scansor is raised from the substrate, setae of various lengths will reach any given critical angle at the same time. If setae were of a constant length along a scansor then detachment would occur sequentially as each seta would reach 30° (or any other critical angle) at a different time, with the more distal setae detaching first. Simultaneous detachment of setae allows for quick and low energy release of the digits, facilitating rapid movement across substrates.
Whereas the absolute length of the setae changes from scansor to scansor, the absolute change in length along each scansor remains constant along the whole digit. This means that even as the length of the scansor and the number of setal rows increases proximally, the difference between the longest and shortest setae remains the same. Therefore, the difference in length between adjacent setae decreases as the repeated length differentials are spread across a larger number of setal rows. This implies that the length differential may have important functional attributes, and may allow for the most effective attachment and detachment of setal structures. An increase in scansor length in conjunction with the difference in setal length remaining constant also has implications for detachment. As a result of this, longer, proximal scansors have a lower estimated detachment angle (the angle of the scansor induced by digital hyperextension by which all setae are raised to 30° or any other given angle) than do the shorter distal scansors. This likely facilitates detachment because the digit is rolled off the surface from the distal end proximally. As a result of hyperextension, distal scansors are raised to a higher angle first, whereas proximal scansors are raised later and to a lesser extent (Russell, 2002: Fig. 3 ). Associated shorter setae are able to detach at a lower hyperextension angle (but an identical critical angle because the setae are absolutely shorter).
Setal density tends to decrease along the length of the scansor, which is related to the increasing diameter of the proximally located setae. These larger structures take up more room than the thinner, distal setae, and therefore their density is lower. However, while there are relatively fewer setae in the proximal region, these structures tend to have very large cumulative setal tip areas, much larger than those of the slender distal setae (Fig. 2D) . As a result, overall tip density may not change greatly across the scansor, even though setal density does. Examination of the setal tips of Rhoptropus revealed setal tip densities of 6.0 × 10 6 -8.0 × 10 6 , and 9.0 × 10 6 -1.0 × 10 7 tips mm -2 for the distal/intermediate and proximal regions of the scansors, respectively, suggesting that the density of setal tips for the proximal region of a scansor may be higher that that of the distal or intermediate regions; however, further investigation of this trend is required before any firm conclusions can be drawn. An exception to the trend of decreasing setal density along a scansor occurs at the proximal end of the proximalmost scansor. In this region setal density increases, which is likely the result of the decrease in diameter of the setal structures in this area, resulting in tighter packing of the structures. These trends in setal density are fairly constant between species, with similar densities observed at homologously similar locations between species across the entire adhesive apparatus. From this it is predicted that all species of Rhoptropus will have similar adhesive capabilities when normalized for pad area.
Interspecific variation and the case of R. aferevolutionary, ecological and phylogenetic implications
Significant interspecific variation occurs for only a small proportion of the traits and species examined. For the most part, all of the species of the Rhoptropus radiation, as well as the outgroup taxon C. bibronii, exhibit setal field morphologies that are not significantly different from each other once they have been scaled for size. One notable exception is R. afer. The results of multiple conventional and phylogenetic statistical tests, including PCA, DFA, Moran's I and phylogenetically adjusted ANOVAs, all suggest that this species differs substantially from its congeners. Rhoptropus afer possesses significantly shorter setae (maximum, minimum and average length) than do most of the other species examined, and has significantly smaller subdigital pads relative to its size than do many of the other species. Results of the DFAs support this trend, with R. afer being able to be discriminated from its congeners based on setal length and pad area with a high percentage of success.
Significant differences were also found consistently for the pad area of R. cf. biporosus; however, this could be the result of the analysis of a variety of different digits, not just digit IV of the pes, for this species. If this is the case it is important to note that R. cf. biporosus and R. biporosus (the two species for which multiple different digits were analyzed) did not show differences in any other aspect of setal field morphology, suggesting that all digits are similar in overall setal field patterning, even though subdigital pad area may vary. It has been shown, however, that pad area does not tend to vary significantly between digits (Delannoy, 2006; Webster et al. 2009) , and thus R. cf. biporosus may possess slightly smaller pads than some other species of Rhoptropus. Behavioral and ecological characteristics of this undescribed species are not yet known, making it difficult to explain this difference. The sister species of R. cf. biporosus, R. biporosus, has been noted to prefer horizontal surfaces more than do other species of Rhoptropus (with the exception of R. afer) (Branch, 1988; Johnson et al. 2005) , and perhaps this trend is continued in R. cf. biporosus, resulting in smaller subdigital pads in this species. There is, however, no evidence at this time to support this hypothesis.
Returning to a consideration of R. afer, this species is highly different from its congeners, and this is strongly linked to phylogeny (Fig. 6 ). This is not surprising, because the genetic distance between R. afer and its congeners is high when compared to the distances between other species, even though it has not been evolving for a much greater time period (Bauer, 1999) . This asymmetry in the genetic distance measures suggests that the rate of evolution of R. afer has been faster than that for the other species in the genus, resulting in an increased rate of allozymic change as well as many differences in morphology (Bauer & Good, 1996; Bauer, 1999) . However, despite the large phylogenetic effect detected for R. afer, the difference in setal length and pad area between it and other species remains significant even when these phylogenetic effects are taken into account. This implies that ecological factors have been driving the rapid evolution of this species.
The unique morphological and behavioral characteristics of R. afer at the whole body level are well documented. This species has features that have been purported to be adaptations for a more terrestrial and cursorial lifestyle. For example, it possesses significantly longer limb segments relative to those of other Rhoptropus, including its sister species R. bradfieldi, and all other members of the Pachydactylus radiation Johnson et al. 2005) . These elongated components include all segments of the limb, pes and digits, with the exception of the ultimate and penultimate phalanges, which are constrained by their association with the scansorial apparatus . Rhoptropus in general has a reduced number of presacral vertebrae, and exhibits secondary asymmetry of the pes, compared to other pad-bearing geckos, which possess nearly symmetrical feet, associated with even weight distribution while climbing (Russell & Bauer, 1989) . These characteristics may be associated with the shift of all members of Rhoptropus from a rock crevice dwelling and a slow climbing lifestyle, common in Pachydactylus and Chondrodactylus, to a more active, running and jumping diurnal lifestyle. This shift reaches its extreme in R. afer, which is highly adapted for speed on flat surfaces . The major differences found in R. afer appear to be autapomorphic, suggesting that they are not wholly reflections of the phylogenetic trends within the genus, and intimate that this species is highly divergent. Allozyme data indicate that this rapid divergence may have occurred as much as 9.6-15.6 MYA, and may be related to Miocene geological and/or climatic changes associated with evolution of the Namib Desert (Bauer & Good, 1996; Bauer, 1999) .
These differences in limb morphology are further exemplified here at the level of subdigital and setal field morphology of this species. The setal field configuration and geometry of other Rhoptropus species do not differ significantly from that of the outgroup C. bibronii, suggesting that these characteristics are primitive and have been conserved in the majority of the radiation. Although Rhoptropus tends to move more rapidly than do other members of the Pachydactylus radiation (such as C. bibronii), the majority of the included species are still climbers and spend most of their time moving on vertical or near-vertical rock faces (Odendaal, 1979; Haacke & Odendaal, 1981; Branch, 1988; Bauer et al. 1993) . As such, these species disport a well-developed and functional adhesive system. Conversely, R. afer is much more terrestrial, moving largely on sand or other flat surfaces (Odendaal, 1979; Haacke & Odendaal, 1981; Branch, 1988; Bauer et al. 1993) , and apparently is less dependent on its adhesive system. The results suggest that R. afer demonstrates some degree of subdigital pad reduction associated with its terrestrial lifestyle Russell et al. 1997) , which is indicated here by its relatively smaller subdigital pads and lower scansor number. This pattern of pad reduction is reflected in setal length as well, with R. afer possessing shorter setae than its congeners. Other setal field characteristics, including general setal morphology and configuration patterns, setal diameter and setal density, are, however, conserved, suggesting that R. afer possesses a functional adhesive system. This species should, therefore, be capable of climbing locomotion on rock surfaces, which is consistent with observations that it will occupy boulders or rock faces in the absence of its congeners (Haacke & Odendaal, 1981) .
The adaptive value of reduced subdigital pads and shortened setae for a more terrestrial lifestyle is uncertain. Smaller pads at the ends of elongated digits likely facilitate running on flat surfaces. While moving on flat surfaces, Rhoptropus, and other members of the Pachydactylus radiation, hold their subdigital pads in a hyperextended position, likely to prevent damage to or clogging of the setae by sandy or dusty substrates (Russell, 1975; Russell & Bauer, 1990) . Although setae are self cleaning (Hansen & Autumn, 2005) , constant exposure to dust and debris may limit the effectiveness of this property, especially on unconsolidated surfaces that may be less likely to accept donated particulate matter from the self-cleaning setae. Reducing the extent of the subdigital pads and elongating the remaining segments of the digit allows for a relatively much greater proportion of the subdigital area to be in contact with the surface during terrestrial locomotion, thereby allowing more thrust to be generated and resulting in faster, more effective cursorial locomotion . Reduction in pad area could also facilitate detachment of the subdigital pads from the substrate. Smaller pads could be removed more rapidly, allowing faster locomotion across a surface. Reduction in relative pad size also suggests that the adhesive capabilities of R. afer are reduced, as it possesses fewer setae than do other Rhoptropus species of similar size. Thus, although it would be capable of climbing vertical surfaces, it may not be able to do so as effectively as its congeners.
Explaining the potential adaptive value of reduction in setal length is more difficult. The effect of reduced setal length on adhesive ability is unclear. Shorter setae would not be able to penetrate as deeply into uneven surfaces, which could reduce the number of setae able to contact the surface (especially on undulant substrata), thereby decreasing the amount of adhesive force able to be generated. However, setal length in R. afer may also relate to the types of surfaces on which it habitually moves/ climbs. These surfaces have not yet been effectively sampled, making it difficult to draw conclusions about how their setae would interact with them. One potential benefit of reduced setal length is the facilitation of detachment. Shorter setae would reduce the estimated hyperextended detachment angle of the scansors for any given critical setal release angle. Together with the relatively small size of the pads, this would allow more rapid detachment of the subdigital pads, which may be beneficial to a fast-moving species like R. afer.
Rhoptropus afer is not the only species in the Pachydactylus radiation to demonstrate reduction of the subdigital pads. A rupicolus (rock-climbing) lifestyle is the primitive state for the clade; however, transitions to terrestriality have occurred at least eight times, with five of the eight terrestrial forms inhabiting sandy substrates (Lamb & Bauer, 2006) . These species all demonstrate various levels of subdigital pad reduction. First, some species including Pachydactylus austeni Hewitt 1923 and Colopus kochii (Fitzsimons 1959) , demonstrate very low counts of about two to three scansors, which is lower than the five to six seen in R. afer. Secondly, other taxa, including some Colopus and Pachydactylus vanzyli (Steyn & Haacke 1966) , show extreme reduction of the subdigital apparatus. Finally, species such as Pachydactylus rangei (Andersson 1908) and Chondrodactylus angulifer are entirely padless (Lamb & Bauer, 2006) . Therefore, subdigital pad reduction associated with a terrestrial lifestyle is a repeated theme in the Pachydactylus radiation. As setal field morphology has been shown to be fairly constrained and conserved among Rhoptropus, as well as in C. bibronii, it would be informative to examine the subdigital outgrowths of species showing a greater degree of pad reduction than does R. afer, to see whether the trend of decreasing setal length encountered there is present to a greater degree in these other species. Also, R. afer maintains an ordered arrangement of subdigital structures; however, during the loss of adhesive structures, this ordered arrangement may break down at some point, with patterns becoming more random and unpredictable. For example, in C. angulifer, the distal part of the digit is highly reduced, and shows a highly modified pattern of skeletal elements in this region (Haacke, 1976) . Examining gekkotan species exhibiting varying degrees of pad reduction may reveal a similar trend in loss of setal field organization with increasing levels of pad reduction. Determining if, and at what stage in pad loss, this transition occurs would be a key discovery in the study of the evolution of pad loss in geckos.
Concluding remarks
The configuration of setal fields among geckos appears to be fairly conserved and follows a similar and distinctive pattern between genera and species. This is observed in the species of Rhoptropus from southern Africa, in which setal field morphology and characteristics are ostensibly the same for all species, as well as for the outgroup species C. bibronii. Overall, a generalized Rhoptropus subdigital pad has the following six characteristics (Fig. 4): (1) Setal length decreases along the length of each scansor from the distal to the proximal end, with overall setal lengths also decreasing proximally from one scansor to the next. (2) Although setal length varies between scansors, the difference in length between the longest and shortest seta on each scansor remains constant, with average differential values for all species of 31-32 μm. (3) Setal diameter increases along the length of each scansor but does not change significantly between scansors. (4) Scansor length and the number of setal rows per scansor both increase proximally. (5) Setal density decreases along the length of each scansor, with the exception of the proximalmost scansor , where density increases at the proximal end. (6) The length and diameter of the setae influences their effective elastic moduli and bending stiffness, with long, thin, distally positioned setae having a very low effective elastic modulus and bending stiffness, and setae at the proximal end of the scansor having a much higher E eff and bending stiffness.
One species in the genus, however, exhibits characteristics related to subdigital pad reduction associated with the adoption of more terrestrial lifestyle, but it maintains functional pads with the same basic pattern of organization seen in species showing no pad reduction. Relative pad size and setal length are reduced in this species, but setal diameter, density and pattern of arrangement remain unchanged.
Returning to our hypotheses, we predicted that setal dimensions would vary according to station on the digit and on any given scansor, and would vary in association with identifiable aspects of digital morphology. These predictions were borne out for all species examined and the pattern of variation is gradationally arranged along the pad and along individual scansors. The revealed pattern of length changes can be correlated with digital form and the process of digital hyperextension, and with the deployment of the setae as they are lowered onto, and raised from, the locomotor substratum. Setae are stratified in length in relation to how the integrated fields of setae operate: as a unified system capable of adjusting to local irregularities in the terrain. There is, therefore, no length of seta that is typical of a species and comparative reporting of setal lengths between species is only meaningful if anatomically equivalent regions of the digit are referred to. By comparing setal field dimensions it is possible to demonstrate that the setae of R. afer are shorter than those of other species of the genus at all stations along the pad, but randomly selected individual setae would not necessarily yield the same information.
We further predicted that within a radiation there would be common assembly rules for the setal fields, with variation being related to subdigital pad dimensions and numbers of scansors. Again this was borne out. All species of Rhoptropus have similarly configured setal fields, although the actual dimensions and constitution of the subdigital pad vary between species. This suggests that a common and integrated developmental pattern underlies the expression of the epidermal outgrowths that constitute the microfibrillar arrays. This is further borne out by developmental data available for the closely related C. bibronii (Webster et al. 2009 ) which exhibits incremental changes to setal field dimensions and absolute setal lengths as growth occurs from hatching to adult.
These findings have implications for how the setal fields of Rhoptropus are configured in relation to the natural substrates upon which each species moves (which is the subject of a separate contribution), and for the design principles used for generating and manufacturing artificial microfibrillar arrays intended to reproduce the adhesive capabilities of gekkotan setae. Considering how the entire set of microfibrillar outgrowths is configured in geckos may provide insights into the structuring of artificial arrays intended to be employed in dynamic situations in which some facsimile of digital hyperextension is used to lower the microfibrils toward the surface to make contact, and to remove them from contact, as progression occurs.
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